prove muscular performance after 2-3 wk of continuous altitude residence (8, 10, 11, 19) . However, the drawbacks of continuous altitude residence such as isolation, tight living quarters, immunosuppression (17) , increased oxidative stress (26) , sleep disturbances (12) , and general malaise (29) may outweigh the benefits. In contrast, daily intermittent altitude exposures (IAE) avoid or minimize such drawbacks and thus may provide a more acceptable alternative for improving muscular performance at altitude. The effect of IAE on muscular performance at altitude is, however, poorly defined.
The purpose of the present study was to determine the effects of 3 wk of IAE (4 h/day, 5 days/wk, 4,300 m), in combination with rest and exercise training, on cycle time-trial performance and adductor pollicis endurance at 4,300 m. We hypothesized that 3 wk of IAE would improve cycle time-trial performance and adductor pollicis endurance at 4,300 m. We also hypothesized that cycle training during IAE would further improve cycle time-trial performance related to the exacerbation of arterial hypoxemia during cycle-training sessions
METHODS
Volunteer test subjects. Eight nonsmoking volunteers (6 men, 2 women) enrolled in this study. Two volunteers dropped out during the study, and six nonsmoking volunteers (5 men, 1 women) with mean Ϯ SE age, body weight, and height of 23 Ϯ 2 yr, 77 Ϯ 6 kg, 177 Ϯ 3 cm, respectively, participated. One volunteer could not complete the adductor pollicis endurance test at post-IAE due to a thumb injury. Each was a lifelong, low-altitude resident and had no exposure to altitudes Ͼ1,000 m for at least 6 mo immediately preceding the study. All volunteers received medical examinations, and none had any condition warranting exclusion from the study. All tested within normal ranges for pulmonary function. All had normal hemoglobin concentration ([Hb] ) and serum ferritin levels. The woman had a normal menstrual cycle length (28 Ϯ 1 days) over the 2-mo testing period, had not taken oral contraceptives or hormone therapy for the previous 6 mo and had never been pregnant. Testing was not controlled for menstrual cycle phase because of the reported lack of menstrual cycle effect on physical performance at altitude (1) . All volunteers performed regular sealevel aerobic training (1-2 h/wk) before and during the study and were of average physical fitness. Each gave written and verbal acknowledgment of their informed consent and was made aware of their right to withdraw without prejudice at any time. Investigators adhered to the policies for protection of human subjects as prescribed in Army Regulation 70-25, and the research was conducted in adherence with the provisions of 45 CFR Part 46.
Study design. This study used an unblinded two-factor (test condition and group) experimental design. The test conditions were defined as sea level (SL), before IAE (pre-IAE), and after IAE (post-IAE). The groups were defined as rest and cycle training during IAE. Each volunteer completed a cycle time trial and adductor pollicis endurance test under SL conditions and during a 30-h acute exposure to 4,300 m altitude-equivalent (barometric pressure ϭ 446 mmHg) once before and once after a 3-wk period of IAE (4 h/day; 5 days/wk, 4,300 m) (Fig. 1) . To set submaximal cycle work intensity, maximal O 2 uptake (V O2 max) was also measured at SL, pre-IAE, and post-IAE. To minimize the impact of potential learning effects, all volunteers performed two preliminary V O2 max and adductor pollicis endurance tests (one at 4,300 m, one at SL) and two preliminary cycle time-trial performance tests (both at SL) before definitive data collection. At SL, Pre-IAE, and Post-IAE, exercise was performed at approximately the same time of day and same number of hours after the last meal.
IAE. Volunteers were weighed in the morning before each IAE (wearing t-shirts, shorts, and socks) and were encouraged to maintain constant body weight throughout the study. During each IAE, the three volunteers randomly assigned to the resting group sat in their bunks, watched television, listened to music, read books, and wrote letters for the 4-h altitude exposure. In contrast, the three volunteers randomly assigned to the exercise training group exercised for ϳ45-60 min, starting within 15 min of arriving at altitude, and then rested for the remainder of the 4-h altitude exposure. The exercise performed during each IAE consisted of continuous constant work rate and interval training on a cycle ergometer (model 818E, Monark) at an intensity corresponding to ϳ70-85% of pretraining altitude maximal heart rate (HR). As exercise training progressed, cycle work rates were adjusted, if necessary, to ensure achievement of appropriate training HR during each training session. Arterial O 2 saturation (SaO 2 ) using a finger pulse oximeter (model N-200, Nellcor, Pleasanton, CA), and HR using a wireless HR watch (model 8799, Computer Instruments, Hempstead, NY) were periodically measured on both groups of volunteers.
At the end of each altitude exposure, all volunteers remained resting in the hypobaric chamber so that their total exposure time to hypobaric hypoxia, including a 15-min decompression and 15-min recompression, was 4 h/day. Volunteers were encouraged to drink water to replace any fluid loss during exercise and/or altitude exposure. All volunteers were required to maintain (i.e., not increase or decrease) their 1-2 h/wk aerobic training at SL to maintain their prestudy level of physical fitness. Physical activity monitor logs were kept throughout the 5-wk study.
Environmental conditions. All testing and training were performed in a hypobaric chamber maintained at a temperature and relative humidity of 21 Ϯ 2°C and 45 Ϯ 5%, respectively. The SL testing was performed at ambient barometric pressure (ϳ760 mmHg), and all altitude exposures were conducted at an altitude-equivalent of 4,300 m (ϳ446 mmHg).
Diet. The quantity of food consumed was not limited. However, to limit the potential effects that diet may have on cycle time-trial performance, volunteers were given meals of identical nutrient and caloric content during each 30-h test condition at SL, pre-IAE, and post-IAE. Food intake was recorded and analyzed for energy content and percentage of Fig. 1 . This study used an unblinded 2-factor experimental design in which each test volunteer's (5 men, 1 woman) maximal O2 uptake (V O2max), cycle time-trial performance, and adductor pollicis endurance were evaluated during preliminary measurements (Prelim), at sea level (SL), and during Յ30-h exposures to 4,300 m altitudeequivalent [barometric pressure (PB) ϭ 446 mmHg] before (pre-IAE) and immediately after (post-IAE) a 3-wk period of intermittent altitude exposures (IAE) (4 h/day; 5 days/wk, 4,300 m).
contribution of macronutrients (Nutritionist III v.6.0, Houston, TX). At no time during the entire study were volunteers allowed to consume caffeine.
Exercise performance testing. Volunteers were required to abstain from alcohol for at least 24 h before all testing and not exercise on the testing day. Before each exercise test on an electromagnetically braked cycle ergometer (model 800s, Sensormedics, Yorba Linda, CA), the volunteer was weighed (wearing t-shirt, shorts, and socks) to the nearest 0.1 kg. During exercise, HR was determined from continuous ECG recordings (Cardiovit AT-6C; Schiller Canada, Nepean, ON, Canada), Sa O 2 was measured by finger pulse oximetry (model N-200, Nellcor), and systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured by using an automated system (model 4240, Suntech, Raleigh, NC). Respiratory gas measurements [i.e., minute ventilation (V E), O2 uptake (V O2), CO2 production (V CO2)] were made in the mixing-chamber mode by using an open-circuit metabolic measurement system (Vmax 229, Sensormedics) calibrated with certified gases and volume standard. The respiratory exchange ratio (RER) was calculated from V O2 and V CO2 measurements. The ventilatory equivalent for CO2 (V E/V CO2) was calculated from each subject's V E and V CO2 data. Mean arterial pressure (MAP) was calculated as 0.333 (SBP Ϫ DBP) ϩ DBP.
V O2 max. V O2 max was measured during incremental, progressive cycling exercise to exhaustion. After resting measurements were conducted during sitting on the cycle ergometer, volunteers warmed up for 3 min at 60 W. For the next 2 min, the work rate was increased to 80-100 W for women and 120-150 W for men. Thereafter, work rate for men and women was increased every 2 min by 30 W at SL and 25 W at pre-IAE and post-IAE until the volunteers were unable to maintain a constant pedaling rate of 60 rpm. A blood sample was obtained from an arm vein at rest and 3-min postexhaustive for analysis of lactate concentration ([Lac]), [Hb] , and hematocrit (Hct).
Cycle time trial. The time to complete a fixed amount of work on a cycle ergometer, consisting of 216 kJ of total work for men and 156 kJ of total work for women, was used as a measure of cycle time-trial performance. A shorter time from one testing condition to the next was considered an improvement in performance and vice versa. During the time trial, volunteers were free to manually increase or decrease the work rate on the cycle ergometer by 5-W increments. There were no restrictions on the number of 5-W changes or their direction. This type of time-trial performance test has been shown to have a high repeatability and low coefficient of variation (13) . Respiratory gas measurements were not made during the cycle time trial.
Immediately before completion of the cycle time trial, resting measurements were made on the cycle ergometer and volunteers completed two consecutive 15-min work bouts at 40 and 70% of their individual altitude-specific, pre-IAE V O2 max. Breath-by-breath measurement of end-tidal CO2 production (PETCO 2 ) was made twice at rest and during the last 2 min of both 15 min work bouts. Volunteers consumed 5 ml water/kg body wt 1 h before beginning cycle testing. An indwelling catheter was placed in an arm vein at least 40 min before the first resting blood sample. After a 40-min sitting equilibration period, blood samples were drawn at rest, 10 min into the first 15-min work bout, 10 min into the second 15-min work bout, and immediately after the cycle time trial for measurement of [Lac], osmolarity, [Hb] , and Hct.
Adductor pollicis endurance. Adductor pollicis endurance was measured during intermittent 5-s static muscle contractions at a target force of 50% of individual rested preexercise altitude-specific maximal voluntary contraction (MVC) force followed by 5 s of rest (i.e., duty cycle 0.5) until exhaustion. At the end of every minute (i.e., every 6th contraction), an MVC was performed for the full 5 s instead of the 50% MVC force contraction. When the MVC force fell to or below the target force or the target force could not be maintained for 5 s, subjects were considered exhausted and were instructed to stop the submaximal contractions. Time to exhaustion was calculated as the time from the start of the MVC of rested muscle immediately preceding the first submaximal contraction to the end of the MVC performed at the point of exhaustion. The methods and device used have been described earlier (8) .
Statistical analyses. A two-way repeated-measures ANOVA was used to analyze differences between the independent group factor (rest and cycle training) and repeated-measures test condition factor (SL, pre-IAE, and post-IAE) for all muscular performance and V O2 max measurements. Threeway ANOVAs, with repeated measures on the additional factor of exercise duration, were used for blood and physiological measurements made during the muscular performance and V O2 max tests. Significant main effects and interactions were analyzed by using Tukey's least significant difference test. Pearson's product-moment correlation coefficients were calculated for the relationships between changes in resting Sa O 2 and changes in 1) cycle time-trial performance and 2) adductor pollicis endurance. Statistical significance was set at P Ͻ 0.05. All data are presented as means Ϯ SE.
RESULTS
Although arterial O 2 desaturation was 5-10% greater during cycle training compared with rest during each IAE, cycle training did not appear to further improve cycle time-trial performance at altitude. Thus, for statistical analyses, data from all six subjects were combined. For performance measurements, individual responses are also provided.
Volunteer test subjects. Mean body weights, heights, energy intakes, and percentages of contributions of carbohydrate, fat, and protein to the diet were not different between testing conditions. Mean body weight also did not change from baseline during the 5-wk course of the study. Time spent in physical activity at SL per week was not different between groups and did not change from baseline in any of the test subjects during the 5-wk course of the study.
V O 2 max data. Individual and group V O 2 max data (ml ⅐ kg Ϫ1 ⅐ min Maximal ventilatory and cardiovascular responses are presented in Table 1 . V O 2 max decreased (P Ͻ 0.05) from SL to pre-IAE and then increased (P Ͻ 0.05) from pre-IAE to post-IAE. Maximal V E/V CO 2 increased (P Ͻ 0.05) from SL to pre-IAE and further increased (P Ͻ 0.05) from pre-IAE to post-IAE. Sa O 2 , measured at maximal exercise, also decreased (P Ͻ 0.05) from SL to pre-IAE and then increased (P Ͻ 0.05) from pre-IAE to post-IAE. The [Hb] , measured at maximal exercise, was decreased at pre-IAE compared with SL but did not change from pre-IAE to post-IAE. Ca O 2 , measured at maximal exercise, decreased (P Ͻ 0.05) from SL to pre-IAE and then increased (P Ͻ 0.05) from pre-IAE to post-IAE. Maximal HR was decreased at both pre-IAE and post-IAE compared with SL. Maximal MAP and RER were similar at SL, pre-IAE and post-IAE. There were no differences in maximal Hct or [Lac] in any of the testing conditions. There were no differences in the percentages of change in calculated plasma volume from rest to maximal exercise at SL, pre-IAE, or post-IAE.
Cycle time-trial data. Individual and group cycle time-trial data are presented in Fig. 3 . All individuals exhibited a decrement in cycle time-trial performance (i.e., increase in time) from SL to pre-IAE. Five of the six subjects exhibited an improvement in cycle timetrial performance (i.e., decrease in time) from pre-IAE to post-IAE. There was a 61 Ϯ 14% decrement (P Ͻ 0.05) in cycle time-trial performance (min) from SL (20.2 Ϯ 1.4) to pre-IAE (32.8 Ϯ 3.7) and 21 Ϯ 6% improvement (P Ͻ 0.05) from pre-IAE to post-IAE (24.8 Ϯ 1.2).
Ventilatory and cardiovascular responses, measured at rest, at 40 and 70% of altitude-specific pre-IAE V O 2 max , and after the cycle time trial are presented in Table 2 . From SL to pre-IAE, resting and exercise V E/V CO 2 increased (P Ͻ 0.05) while resting and exercise PET CO 2 and Sa O 2 decreased (P Ͻ 0.05). From pre-IAE to post-IAE, resting V E/V CO 2 and resting and exercise Sa O 2 increased (P Ͻ 0.05). The PET CO 2 , measured at 70% of altitude-specific pre-IAE V O 2 max , increased (P Ͻ 0.05) from pre-IAE to post-IAE. Resting and exercise [Hb] were similar at SL, pre-IAE, and post-IAE. From SL to pre-IAE, resting and exercise Ca O 2 decreased (P Ͻ 0.05) and then increased (P Ͻ 0.05) from pre-IAE to post-IAE. Resting and exercise HR increased (P Ͻ 0.05) from SL to pre-IAE and decreased (P Ͻ 0.05) from pre-IAE to post-IAE. There were no differences in resting or exercise MAP, RER, Hct, or osmolarity at SL, pre-IAE, or post-IAE. There were no differences in the percentages of change in calculated resting plasma volume from SL to pre-IAE and from pre-IAE to post-IAE. There were no differences in the percentages of change in calculated plasma volume from rest through exhaustive exercise at SL, pre-IAE, and post-IAE. There were strong correlations between the percent decrement in cycle time-trial performance and percent decrease in resting Sa O 2 from SL to pre-IAE (r ϭ 0.79, P ϭ 0.06) and also between the percent improvement in cycle time-trial performance and per- Values are means Ϯ SE; n ϭ 6 subjects. SL, sea level; pre-IAE, before intermittent altitude exposure (IAE); post-IAE, after IAE; V O2, oxygen uptake; V E/V CO2, ventilatory equivalent for carbon dioxide; SaO 2 , arterial oxygen saturation; [Hb] , hemoglobin concentration; CaO 2 , arterial oxygen content; HR, heart rate; MAP, mean arterial pressure; RER, respiratory exchange ratio. * P Ͻ 0.05 from SL; † P Ͻ 0.05 from pre-IAE. cent increase in resting Sa O 2 from pre-IAE to post-IAE (r ϭ 0.87; P ϭ 0.02) (Fig. 4) .
Adductor pollicis endurance data. Individual and group adductor pollicis endurance data are presented in Fig. 5 . All individuals exhibited a decrement in adductor pollicis endurance from SL to pre-IAE. Four of the five individuals improved adductor pollicis endurance from pre-IAE to post-IAE. Adductor pollicis endurance time (min) decreased 31 Ϯ 9% (P Ͻ 0.05) from SL (13.4 Ϯ 2.8) to pre-IAE (9.2 Ϯ 2.8) and increased 63 Ϯ 26% (P Ͻ 0.05) from pre-IAE to post-IAE (14.8 Ϯ 4.2). The MVC force (N) was similar at SL (141 Ϯ 19), pre-IAE (130 Ϯ 18) and post-IAE (128 Ϯ 15). Resting Sa O 2 (%) measured immediately before the adductor pollicis endurance test decreased (P Ͻ 0.05) from SL (98 Ϯ 1) to pre-IAE (82 Ϯ 2) and then increased (P Ͻ 0.05) from pre-IAE to post-IAE (87 Ϯ 1). There were strong correlations between the percent decrement in adductor pollicis endurance and percent decrease in resting Sa O 2 from SL to pre-IAE (r ϭ 0.87; P ϭ 0.05) and also between the percent improvement in adductor pollicis endurance and percent increase in resting Sa O 2 from pre-IAE to post-IAE (r ϭ 0.92; P ϭ 0.02) (Fig. 4) .
DISCUSSION
This study tested the hypothesis that 3 wk of IAE, in combination with rest and cycle training, would improve muscular performance at 4,300. Our major findings were that 3 wk of IAE induced a 21 Ϯ 6% improvement in cycle time-trial performance, a 63 Ϯ 26% improvement in adductor pollicis endurance, and a 10 Ϯ 4% increase in resting Sa O 2 . These improvements in muscular performance after IAE were comparable to those reported previously after chronic altitude residence (8, 10, 11, 19) . IAE may therefore be used as an alternative to chronic altitude residence to facilitate improvements in muscular performance in athletes, soldiers, mountaineers, shift workers, and others that are deployed to altitude.
The most likely explanation for the improved muscular performance after 3 wk of IAE was the increase in ventilation and corresponding increase in resting Sa O 2 , measured immediately before both the cycle time-trial performance and adductor pollicis endurance tests. Because [Hb] and Hct were not increased from pre-IAE to post-IAE, improved arterial O 2 carry- ing capacity related to hematological changes, per se, cannot explain the large improvements in muscular performance. A recent report of unchanged maximal exercise performance after acclimatization to 5,260 m altitude after dramatically altering [Hb] via hemodilution (3) seems consistent with our observations. Given the lack of change in HR and MAP during the cycle time trial and unchanged plasma volume from pre-IAE to post-IAE, it is unlikely that changes in cardiac output and therefore pulmonary capillary red cell transit time can explain the improvement in cycle exercise performance. From pre-IAE to post-IAE, the strong correlation between the percent improvement in cycle time-trial performance and percent improvement in resting Sa O 2 (r ϭ 0.87) as well as the very strong correlation between the percent improvement in adductor pollicis endurance and percent improvement in resting Sa O 2 (r ϭ 0.92) support the hypothesis that improved muscular performance resulting from IAE is closely linked with increased Sa O 2 . The increase in Sa O 2 and commensurately augmented PO 2 gradient at post-IAE compared with pre-IAE may have improved O 2 delivery from the muscle capillary to the mitochondria. An improved muscle capillary-to-mitochondria O 2 delivery is likely to have resulted in less perturbation of the phosphorylation potential (i.e., [ATP]/[ADP][P i ]) in active muscle and improved muscular performance because increases in P i and ADP have been associated with increased muscular fatigue (20, 30) .
Because of the 18 Ϯ 4% increase in V O 2 max from pre-IAE to post-IAE, we cannot dismiss the possibility that a portion of the 21 Ϯ 16% improvement in cycle time-trial performance may be attributable to cycle training during IAE. Although low subject numbers limit between-group conclusions from our findings, the very strong correlations between the percent changes in arterial oxygenation and percent changes in cycle and adductor pollicis performance both from SL to pre-IAE and from pre-IAE to post-IAE (Figs. 4 and 6 ) imply that arterial oxygenation was the major determinant of changes in muscular performance with acute and then repeated intermittent exposures to hypobaric hypoxia. In contrast, training during IAE is likely to have had a much more limited effect on performance. This conclusion is supported by established evidence that SL endurance training does not improve Sa O 2 (24) and those of others (14, 22) , indicating that training at altitude, per se, does not exert a prominent independent effect on Sa O 2 . Further support for the conclusion that arterial oxygenation was more important than training on muscular performance in hypobaric hypoxia is the fact that the adductor pollicis muscle was not trained during 3 wk of IAE yet exhibited a marked improvement in endurance performance. This improvement appears primarily attributable to the observed increase in ventilation and corresponding increase in Sa O 2 and O 2 delivery.
Increases in V O 2 max at altitude after a period of IAE combined with exercise training have been observed previously (2, 5, 23, 27) , but these studies did not employ resting control groups. Typically, V O 2 max , measured at altitude, does not increase with chronic altitude residence because the increase in Ca O 2 is typically offset by a decrease in cardiac output due to a decrease in stroke volume (11, 21, 25, 28) . In our IAE study, the increase in Ca O 2 was not likely offset by a decrease in cardiac output because HR and MAP during maximal exercise and plasma volume remained unchanged from pre-IAE to post-IAE. Thus the potential for improvement in V O 2 max after IAE may be greater than with chronic altitude residence. A recent chronic altitude residence study, conducted at 5,260 m, did not find any relationship between an increase in O 2 delivery with altitude acclimatization and improved maximal exercise performance (4) . They attributed the lack of change in V O 2 max from acute to chronic altitude residence, despite an increase in Ca O 2 and unchanged cardiac output, to a redistribution of the extra systemic O 2 transported after altitude acclimatization to other tissues other than working muscles. Because we did not measure cardiac output distribution in this study, we cannot speculate whether IAE would induce these same changes in cardiac output distribution.
Although we did not measure the mechanisms responsible for the increase in ventilation after IAE, we can speculate that either an increased hypoxic and/or hypercapnic ventilatory drive may be responsible. Previous studies have reported an increase in both of these parameters after chronic altitude residence (7, 31) . Others (14, 16, 18) have reported an increase in the hypoxic ventilatory response, measured at sea level, after resting intermittent exposures to altitude as well as a correlation between the change in hypoxic ventilatory response at rest and ventilation during submaximal exercise (15) . Thus it is entirely reasonable to assume that an increased hypoxic ventilatory drive may be the mechanism driving the increase in both the resting and exercise ventilation after IAE.
Although others have related improved muscular performance after chronic altitude residence to changes in substrate utilization (23) and less cardiac work (32), these factors do not appear to explain our improved cycle time-trial performance after 3 wk of IAE. The RER results, measured at rest or any time point during the two 15-min work bouts preceding the cycle time trial, were not affected by 3 wk of IAE, nor was [Lac] reduced at exhaustion. Lessening of cardiac work is unlikely because HR at any time point during the cycle time-trial performance test was unchanged from pre-IAE to post-IAE. The improvement in cycle time-trial performance from pre-IAE to post-IAE also cannot be attributed to differences in diet or fluid hydration status because these were controlled before each trial.
The present study is the first to examine the effects of IAE on cycle time-trial performance and adductor pollicis endurance at 4,300 m. Thus we cannot compare our results to previous studies examining the effects of IAE on muscular performance, but we can compare the magnitude of our results to the results from previous chronic altitude residence studies. After 2-3 wk of chronic altitude residence, previous studies have reported ϳ45-60% improvements in large-muscle endurance at 4,300 m (11, 19) . Our finding of an ϳ21% improvement in cycle time-trial performance after 3 wk of IAE was less than improvements reported after chronic altitude residence, but we employed a closedended cycle time-trial test and others employed an open-ended endurance test to exhaustion. Thus the room for improvement when using the type of test we employed was much less. In a recent chronic altitude residence study, a cycle time-trial test similar to the one we used was employed to evaluate large-muscle Our finding of an ϳ63% improvement in adductor pollicis endurance from pre-IAE to post-IAE was almost double the ϳ20-30% improvements reported after chronic altitude residence studies (8) (9) (10) . Reasons for the differences between studies may be related to the timing of the measurement. In the chronic altitude residence studies (8) (9) (10) , adductor pollicis endurance was evaluated 24-48 h after initial introduction to altitude whereas we measured adductor pollicis endurance ϳ1-4 h after initial introduction to altitude. Adductor pollicis endurance may show the greatest deterioration within the first few hours of altitude exposure because this is the period of greatest hypoxemia. Thus our greater initial decrement in adductor pollicis endurance may have left a greater reserve for improvement after 3 wk of IAE.
In conclusion, this study found that 3 wk of IAE improved cycle time-trial performance and adductor pollicis endurance 21 Ϯ 6 and 63 Ϯ 26%, respectively. These improvements in muscular performance after IAE were comparable to those reported previously after chronic altitude residence. IAE may therefore be used as an alternative to continuous altitude exposure to facilitate improvements in muscular performance in athletes, soldier, mountaineers, and shift workers that are deployed to altitude.
